Co thin films were grown on planar highly oriented pyrolytic graphite (p-HOPG) and Ar þ sputtered HOPG (s-HOPG) for comparison. Measurement of Auger ratio Co/C suggested the more uniform nucleation for Co on s-HOPG. Co/p-HOPG exhibited only in-plane magnetization, whereas Co/s-HOPG revealed the coexistence of in-plane and perpendicular MOKE hysteresis loops, indicating stable canted magnetization. The canted magnetization of Co/s-HOPG, which persisted at least up to 50 ML, could be attributed to volume-contributed perpendicular anisotropy. These observations will be valuable for future applications in the combination of metallic magnetic materials and carbon-based templates. 1,2 In magnetic thin films or nano-discs, unavoidably the two-dimensional shape always induces a magnetic shape anisotropy, which prefers an easy direction on the surface plane. With a perpendicular surface/interface magnetic anisotropy, the perpendicular magnetization can only sustain for a few atomic monolayers (MLs) before switching to in-plane direction.
Perpendicular magnetic materials have attracted much attention in recent decades, because of their potential applications in high-density data storages and magnetic nanodevices. 1, 2 In magnetic thin films or nano-discs, unavoidably the two-dimensional shape always induces a magnetic shape anisotropy, which prefers an easy direction on the surface plane. With a perpendicular surface/interface magnetic anisotropy, the perpendicular magnetization can only sustain for a few atomic monolayers (MLs) before switching to in-plane direction. 3 In other cases, for example the periodic Co/Pd and Co/Pt multilayers and Ni/Cu(100), 1,2,4 the crystalline structure and strain lead to a volume contributed perpendicular anisotropy, which sustains the perpendicular magnetization to a much greater thickness. To date, perpendicular magnetization is still limited to few specific materials, and sensitive to the substrate selection. Recently, carbon-based nanomaterials have been shown to possess unique electronic and magnetic properties, for example, anomalous quantum Hall effect at room temperature, high carrier mobility, and micrometer range spin-relaxation length. [5] [6] [7] Therefore the combination of perpendicular magnetic thin films with a carbon-based substrate is naturally an important element in technical advancement and should be studied. We deposited Co thin films on highly oriented pyrolytic graphite (HOPG) substrates because HOPG has the same crystalline structure as graphene. The study of Co/HOPG can provide valuable information for future applications of graphene. Co films were grown on a planar HOPG (p-HOPG) and an Ar þ sputtered HOPG (s-HOPG) for comparison. Stable canted magnetization was observed in Co/s-HOPG thin films. The sputtered HOPG surface not only changed the Co/HOPG interface condition, such as its roughness and defects, but also influenced the entire volume of Co films, resulting in a volume contributed perpendicular anisotropy.
The entire experimental processes, including sample preparation, transferring, and characterization were performed in an ultrahigh vacuum (UHV) system with a base pressure better than 3 Â 10 À10 Torr. 8 The HOPG substrate was cleaved in air, immediately inserted in the vacuum chamber, and then degassed at 400 K for 10 h. The HOPG was prepared with either a flat or sputtered surface. For s-HOPG, Ar þ sputtering was used with a beam energy of 600 eV for 180 s. The Co atoms were evaporated by e-beam heating at a rate of $1.5 ML/min. The growth of Co films was characterized using Auger electron spectroscopy (AES) and scanning tunneling microscope (STM). In the following descriptions of our experiment, 1 ML is equivalent to the nominal surface atom density of hcp Co(0001), i.e., 1 ML ¼ 1.83 Â 10 15 atoms/cm 2 . The magnetic behavior was investigated at room temperature (RT) using the magneto optical Kerr effect (MOKE). The Co/C Auger ratio increased at a medium rate for RTgrown Co/s-HOPG and most slowly for RT-grown Co/p-HOPG. Previous STM investigation of Fe/HOPG has shown that Ar þ sputtering created a large number of defects on HOPG surface terraces for the nucleation of deposit and therefore leaded to a narrow size distribution of nucleation cluster with a high density. 9 On flat HOPG surface terraces, there were much less defects for nucleation, and thus nucleation clusters were formed with a larger size and lower density. The Auger measurement shown in Fig. 1 is consistent with this STM study of Fe/HOPG. For RT-grown Co/s-HOPG, due to the sputtering-induced defects, the Co nucleation clusters are more uniformly distributed with higher density than Co/p-HOPG. Therefore the Auger ratio of Co/C increased more quickly for Co/s-HOPG than those for Co/p-HOPG. Interestingly, the low temperature of 200 K seemed to be able to slow the mobility of the Co deposit on HOPG surface, which led to a more uniform 2-dimensional growth and a higher covering rate than for growth at RT. However, after annealing to RT, the Co/C Auger ratio for 200 K-grown films dropped to the same level of RT-grown Co/s-HOPG. This indicates that although 200 K-deposition leads to a more uniform two-dimensional growth, the Co atoms aggregate in a manner similar to that for RT-Co/s-HOPG. Therefore, in the rest of this report, we focus on the comparison between Co/s-HOPG and Co/p-HOPG grown at 300 K.
As shown in Fig. 2 , the various samples were investigated by STM. The surface of p-HOPG was composed of atomically flat terraces. After deposition of 45 ML Co, Co/p-HOPG still exhibited relatively smooth morphology with a roughness less than 60.5 nm. In the magnified image of Fig.  2(c) , the surface of Co/p-HOPG exhibited grain domains, which were within 20 nm size. As shown in the line profile, some of the grains are of atomic flatness. By contrast, the surface of s-HOPG was full of Ar þ sputtering-induced defects and the roughness is approximately 60.7 nm. After deposition of 45 ML Co, the roughness was increased to approximately 61 nm. From the comparison between Co/p-HOPG and Co/s-HOPG (Figs. 2(c) and 2(d)), the HOPG template defects really changed the nucleation and growth of the Co layers significantly. Fig. 3 shows the normalized MOKE hysteresis loops of n ML Co/p-HOPG, measured in perpendicular and in-plane directions. The in-plane hysteresis loop started to appear at 14 ML. Thereafter, the Co/p-HOPG films revealed only inplane hysteresis loops with a tilted shape, indicating the inplane easy direction. The ferromagnetism onset thickness was between 7.6-14 ML for Co/p-HOPG in the RT-measurement. This high thickness of magnetic dead layer could be due to the formation of isolated nanoclusters and actually shows similarities to our previous studies of Fe nanoparticles on Al 2 O 3 / NiAl(100), in which the onset thickness was 5-7 ML for 150 K MOKE measurement. 10 In contrast, Fig. 4 shows the normalized MOKE hysteresis loops for n ML Co on s-HOPG. Within the range of explored thickness 4.5-50 ML, Co/s-HOPG always exhibited square hysteresis loops in both the in-plane and perpendicular directions. Besides, we observed that flipping the moment with a perpendicular (in-plane) field will change the initial state of the subsequent in-plane (perpendicular) MOKE measurement. Therefore the in-plane and perpendicular hysteresis loops must originate from the same magnetic moment, which is tilted in a direction between the surface normal and the surface plane. 4 Fig. 5 summarizes the coercivity field (H c ) of the MOKE hysteresis loops. For Co/p-HOPG, the in-plane H c ranges between 20 and 50 Oe. For Co/s-HOPG, the in-plane H c ranges between 15 and 40 Oe, whereas the perpendicular H c is 2-3 times that of the in-plane H c . The coveragedependent evolution of H c for Co on p-HOPG and on s-HOPG reveals a similar tendency. The H c firstly increases, and then descends for higher Co coverage. This may be due to the strain relaxation or structural transition of Co films. Because the crystalline structures of fcc-Co (a fcc ¼ 2.506 Å ) and hcp-Co (a hcp ¼ 2.507 Å ) are very similar, the fcc-hcp structural transition is difficult to conclude from experimental and theoretical point of view. 11 Although the magnetocrystalline anisotropy of fcc-Co (À1.8 leV/atom) and hcpCo (60 leV/atom) are smaller than the in-plane shape anisotropy (%90 leV/atom), previous studies have shown that deviation from fcc-or hcp-Co structures can result in an orders-of-magnitude enhancement of the magnetic anisotropy. 11 The possible strain caused by the lattice mismatch between Co and HOPG (%1.9%) may lead to greater magnetoelastic ansiotropy, which can compensate the shape anisotropy and induce the perpendicular anisotropy.
11
To date, there are only few reports about magnetic thin films on either graphite or graphene. 9, 12, 13 In 2010, Vo-Van et al. reported on the growth of flat, epitaxial ultrathin Co films on graphene using pulsed laser deposition. 12 The surface/ interface anisotropy dominated the perpendicular magnetization in a narrow thickness range of 0.5-1 nm (%2-5 ML). By contrast, the Co/s-HOPG films exhibit stable canted magnetization up to 50 ML, suggesting a high order volumecontributed perpendicular anisotropy. 14, 15 Considering a uniaxial system, the density of magnetic anisotropy can be described as 
When combining Eq. (1) with Zeeman energy, the magnetic hysteresis loops in perpendicular and in-plane directions can be simulated. 8 Accordingly, the ratio of perpendicular and in-plane H c , measured in this experiment, is used to determine the ratio of K 2 /K 4 , as well as the canting angle h c . As shown in Fig. 5(b) , the canting angle h c ranges between 30 and 45
. In contrast to the smooth p-HOPG surface, the broken p bonds in the defects of s-HOPG may form stronger bonds with the Co atoms and lead to canted magnetization, driven by the greater high order magnetoelastic anisotropy.
In summary, a comparative study of the growth and magnetic behavior of Co films on p-HOPG and s-HOPG was performed. AES measurements revealed a more uniform distribution and higher density of nucleation clusters in Co/s-HOPG. The significant difference in growth behavior induced a stable canted magnetization for Co/s-HOPG, within the explored thickness region of 4.5-50 ML, in contrast to the in-plane magnetization of Co/p-HOPG. The sputtering-induced defects on HOPG may result in different crystalline strains, leading to a volume-contributed perpendicular anisotropy. This study can be applied to combination of perpendicular magnetism and a graphene template. 
